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1. INTRODUCTION

We are developing a new meteorological data assimi-
lation model for the Atmospheric Release Advisory Ca-
pability (ARAC) project at Lawrence Livermore Na-
tional Laboratory, which provides real-time dose as-
sessments of airborne pollutant releases. The model,
ADAPT (Atmospheric Data Assimilation and Parame-
terization Techniques), builds three-dimensional meteo-
rological fields, which can be used to drive dispersion
models or to initialize or evaluate mesoscale models.
ADAPT incorporates many new features and substantial
improvements over the current ARAC operational mod-
els MEDIC/MATHEW (ARAC, 1997), including the use
of continuous-terrain variable-resolution grids, the abil-
ity to treat assorted meteorological data such as temper-
atures, pressure, and relative humidity, and a new algo-
rithm to produce mass-consistent wind fields. In this pa-
per, we will describe the main features of the model, cur-
rent work on a new atmospheric stability parameteriza-
tion, and show example results.

2. METEOROLOGICAL DATA

ADAPT uses input derived from ARAC’s land-é‘urface
and real-time meteorological databases, archived exper-
imental data sets, and analytically generated data. Lo-
cal meteorological observations are currently provided
to ARAC by the Air Force Global Weather Center, Do-
mestic Data Plus, International Data Service, and sup-
ported site towers. Gridded analyses and forecast fields
are obtained from the Fleet Numerical Meteorological
and Oceanographic Center (NOGAPS model), the Na-
tional Weather Service (AVN and ETA models), and
ARAC adaptations of the mesoscale models NORAPS
and COAMPS developed by the Naval Research Labo-
ratory (Hodur, 1987 and 1997). Meteorological data is
selected for a spatial region that is usually larger than the
domain of the model simulations in order to use the most
complete set of information relevant to the problem.
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3. COMPUTATIONAL GRID

The model represents the ground surface by a piece-
wise bilinear interpolation of grid-point topographical
data. Run-time selection of both the number of grid
points and the grid resolution is provided, along with
variable resolution in both the vertical and horizontal co-
ordinates. The former permits a good representation of
the meteorological fields in the critical near-surface re-
gion, while the latter is utilized when warranted by either
topographical variation or data density. For the exam-
ples shown in this paper, the vertical coordinate is taken
tobe o, = %:‘z:, where 2, is the ground elevation
and z;,, is the height of the grid top, the coordinate used
by COAMPS and ARAC’s new dispersion model LODI
(Leone et al., 1997). -

4. DATA ASSIMILATION

Diverse data assimilation techniques are being devel-
oped to meet the needs of a new generation of ARAC
models and to take advantage of the rapidly expand-
ing availability of meteorological and land-surface data.
ADAPT provides a number of split methods, which per-
form separate vertical and horizontal analyses. Fully
three-dimensional analysis are under development. Ad-
ditional features include the incorporation of map projec-
tions and the treatment of atospheric and land-surface
parameters as spatially varying fields.

The vertical analysis is based on an idealized picture
of the atmosphere as divided into a set of layers - the sur-
face layer, the boundary layer, and the free atmosphere.

‘Different interpolation methods and empirical parame-

terizations are then used in each layer, depending on at-
mospheric conditions. Several techniques are provided
to coherently blend surface and tower data with upper air
data and control the use of upper air data depending on
their representativeness in time and space.

A variety of interpolation and extrapolation techniques
are available in ADAPT. The simplest class of techniques
is based on direct interpolation
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Figure 1: Cape Canaveral winds at 9 m AGL generated
from observational data. Every third wind vector is plot-
ted. The greatest wind speed shown is 3.7 m/s.

where ¢, are observations located at (%, £x) and w;, are
normalized weights. The weights are typically monoton-
ically decreasing functions of spatial distance or relative
time. A large variety of algorithms are possible, based on
different choices of the weighting functions. Examples
include bilinear interpolation and methods based on in-
verse horizontal distance squared, inverse relative height,
exponential time difference, and influence radius weight-
ing. Specification of a maximum cutoff distance provides
an additional means of controlling the weighting of the
interpolation.

A second group of algorithms uses the method of suc-
cessive corrections (Daley, 1991), which may be written
schematically as

P = 7D+ Zw{[fo(i'k) -] @
k

where f"; is the analyzed field at (7, ¢) for the 7B itera-
tion, f,(7%) is the k*2 observation, and w} are normal-
ized weights. The weights can be altered with each itera-
tion to act as filters for the removal of small scale noise or
errors. One such method implemented in ADAPT is the
Barnes algorithm for which w(7) = exp(—;%), with R
being a varying horizontal influence radius parameter.

5. EXAMPLE : CAPE CANAVERAL

As an example, ADAPT was used to generate wind
fields for a site surrounding Cape Canaveral in Florida.
The graded grid covers a region 180 km square with a
grid top at 4.5 km using 61 grid points in the horizontal
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Figure 2: Enlargement of the wind field from the pre-
vious figure. Every wind vector is plotted. The vectors
enclosed in circles are the observational data.

and 41 in the vertical. Figure 1 shows the 9 m above
ground level (AGL) wind field for September 23, 1997 at
9Z. The field was developed from 49 surface and tower
stations and 5 upper air profiles using an inverse-distance
squared sparse data algorithm. Some of the observational
data may be seen in the enlargement plotted in Figure 2,
the plotted observational level being the one nearest in
height to 9 m AGL. Complex wind structure is developed
near the site where the meteorological data is dense.

Figure 3 plots the winds at the 9 m AGL level, de-
rived from a NORAPS forecast for the same time, using
a bilinear-linear analysis. This wind field shows a pattern
reasonably similar to that in Figure 1, with a generally
onshore flow, veering to the north near the site and ac-
celerating to the west near the left hand side of the grid.
However the speeds are significantly higher than indi-
cated by the observations.

6. MASS-CONSISTENT WIND ADJUSTMENT

The generation of wind fields involves a few special
considerations. Interpolation and parameterization may
be performed in either speed and direction or » and v
components. The inclusion of map projections requires
appropriate adjustments of length scales and directions.
The vertical wind component can be determined in the
same fashion as the horizontal components if w data is
available. However, this is generally not the case. Fur-
ther, our applications typically require the wind field to
be non-divergent, a property which is not a priori guar-
anteed by the interpolation methods. An adjustment pro-
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Figure 3: Cape Canaveral winds at 9 m AGL generated
from a NORAPS forecast for the same time as in Figure
1. Every third vector is plotted. The largest vector shown
is 6.8 m/s.

cedure based on the variational principle is therefore per-
formed to provide the vertical wind component and pro-
- duce mass-consistent winds.

ADAPT’s mass-consistent wind algorithm (Chan and
Sugiyama, 1997a and 1997b) is based on the following
mixed variational principle

I(u,v,w,\) =
%/ [af, (u—u°)+ o4 (v-1v°) + & (w—w°)2]dﬂ
o
Su v  Bw ;
+/ﬂ"(a—z+§+az)"” )

where (u°,v°,w°) and (u,v,w) are the components
of the initial and adjusted wind velocity fields, respec-
tively, A(z, y, z) is the Lagrange multiplier for the mass-
consistency constraint, a; and «, are the Gauss pre-
cision moduli controlling the vertical and horizontal ve-
locity adjustments, and €2 is the domain.

The finite element method (FEM) is chosen for spa-
tial discretization because of its effectiveness in treating
complex terrain and its flexibility in dealing with vari-
able resolution grids. In addition, the grid-point repre-
sentation of the wind fields by FEM offers a more rigor-
ous treatment of boundary conditions than the flux-based
staggered grid representation often used in finite differ-
ence approaches. Two preconditioned conjugate gradient
solvers are provided to efficiently solve the Poisson equa-
tion derived from the numerical formulation. The perfor-
mance of these iterative solvers is further enhanced by
the addition of a small, block diagonal stabilization ma-

trix to the Poisson equation matrix.

7. ATMOSPHERIC STABILITY PARAMETERIZA-
TION

The primary method for incorporating atmospheric
stability effects in ADAPT is by selection of the ratio of
the Gauss precision moduli, « = a / ay , which con-
trols the degree of adjustment in the vertical versus the
horizontal wind components. Small values of « inhibit
vertical velocity changes and are appropriate for stable
flows, forcing steerage around hills, while larger values
of the parameter produce unstable flows and increase the
likelihood of winds rising over topographic barriers.

For situations involving complex topography and spa-
tially varying atmospheric stability, it is appropriate to let
«a vary over the entire domain. Our approach (Chan and
Sugiyama, 1997b) is a modification of the Strouhal num-
ber parameterization proposed by Ross et al. (1988) and
developed further by Moussiopoulos et al. (1988). An
improved curve-fitting formula for o as a function of lo-
cal Strouhal number has been devised along with a gen-
eralized formula for determining a characteristic height
difference to incorporate topographic effects.

The local Strouhal number is defined as

_HN _ [qds do
= VN=Vsz £2°
_H _ [ed8 s
=7 V@ &< @

where H is the characteristic height difference, N is
the Brunt-Viisild frequency, U is the characteristic wind
speed, t is the buoyancy time scale, and 8 is the potential
temperature of the atmosphere. The characteristic wind
speed is taken to be

U = max(y/(%°)? + (v°)? , 0.2m/s) )

For H, we use an inverse-distance weighting of the vary-
ing topographic height differences combined with a con-
stant term involving the difference between the maxi-
mum and minimum terrain heights

1,J
2 ARy i
H= C(hmax - hmin) + (1 - c):"JI,J—"_
> 1ri
2

©

where Ah;; and r;; are the orographic height difference
and the horizontal distance between the considered loca-
tion for H and location (%, 7) on the terrain grid and Ay,
and hpy;, are the maximum and minimum terrain heights,
respectively. The input parameter ¢ varies between zero
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Figure 4: San Francisco Bay area winds and temperature
{shaded contours) at 10 m AGL.

and one and is used to select an appropriate linear combi-
nation of the two terms. The constant term allows treat-
ment of flows characterized by a constant Strouhal num-
ber.

An exponential relationship between a2 and the local

Strouhal number was adopted
{ exp{—1.55t™®) Sir> 0
o = Q)
[ exp(1.5(—Str)1-5) Str< 0
based on a curve fit to the experimental data of Hunt and
Snyder (1980). The magnitude of the Strouhal number is
canned between [—3, 3] to prevent extreme values of o

Js ) NG

8. EXAMPLE : SAN FRANCISCO BAY

The Strouhal number parameterization of o was tested
on the analytic hill problem studied by Hunt and Snyder

(1980) with satisfactory results. A preliminary test us-
ing real data was perrormeu for the San Francisco Bay
area, Temperature and pressure fields interpolaied from

AW oTnbnl p\nﬂnl data wears !‘I\‘PI'II'\OHAA 1,

tential temperatures. The latter were used tgk:j_ p the
three—dlmensmnal o field. Interpolated wind ﬁelds de-
rived from a combination of forty local observations and
AVN data were then adjusted for mass-consistency.

The grid covers a region 75 km square with 51 hori-

zontal gnu pomts The grid top is at 3 km with 31 ver-
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inFigures 4 and 5 along w1th the observanonal data. Fl g-
ure 6 shows temperatures and winds at the o, = 0.157
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Figure 5: San Francisco Bay area winds and at 10 m

AGL. The vectors enclosed by circle are the observa-
tional data.

or z & 475 m levels. The temperature increases in-
land, with generally onshore winds, veering to the south
near the surface. Figure 7 plots a vertical cross-section
through the center of the grid to show the w component
generated by the mass-adjustment procedure.

9. CONCLUSION

ADAPT simulations have been performed to test the
numerics, robustness, and computational efficiency of
the model. Evaluation of ADAPT in conjunction with
the new ARAC dispersion model (Leone et al.,, 1997)

are underway using a variety of archived tracer experi-

ment data. Initial comparisons with the current ARAC
operational models (ARAC, 1997) indicate that ADAPT
provides significantly improved winds as reflected in the
arrival time, speed, and direction of the plume (Foster,
1997). An important factor in the improvement is the use
OI a continuous terrain representatlon and variable grid-

wiich allows meteo oglcal reatures ancl topog-

B &
5
I 6o

g;

=

[o]

=4

E
P

3

I3 K
=

(7]

13 4
2
<

3

> 8

3

2
=

Work has begun to reﬁne the treatment of meteo-
rological data, improve atmospheric parametcnzanons.
incorporate momentum as well as mass conservation,
and develop eddy diffusivities for dispersion calcula-
tions. Additional assimilation methods are also being
implemented including three-dimensional analyses and
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